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a  b  s  t  r  a  c  t

Supported  copper  oxide  catalysts  (CuO/Al2O3, CuO/ZrO2/Al2O3, CuO/ZrO2–Al2O3) were  prepared  from
different  procedures  and  tested  in the  catalytic  reduction  of  NO with  CO  to  investigate  the  effect
of  ZrO2 addition  method.  The  catalysts  were  characterized  by means  of ICP,  BET,  XRD,  Raman,  H2-
TPR,  XPS,  FTIR  of  NO or/and  CO  adsorption.  Activity  results  demonstrated  that  the  addition  of  ZrO2

could  improve  catalytic  performance,  which  is  dependent  on the  addition  method.  The  sequence
of  activity  is  CuO/ZrO2–Al2O3 >  CuO/ZrO2/Al2O3 >  CuO/Al2O3. Based  on  the  results  of composition
and texture,  CuO/ZrO2–Al2O3 sample  shows  more  surface  zirconia  species  and  larger  surface  area
than  CuO/ZrO2/Al2O3. XRD  and  Raman  results  suggest  amorphous  ZrO2 and  highly  dispersed  cop-
lumina
O reduction with CO
u·  · ·O· · ·Zr species

per  oxide  species  are  mainly  present  in the  ZrO2-added  catalysts  except  for  a  few  CuO crystallites
in  CuO/ZrO2/Al2O3. Highly  dispersed  copper  oxide  species  strongly  interacting  with  amorphous  zirco-
nia  (Cu·  ·  ·O· · ·Zr  species)  was  observed  in  H2-TPR  and  XPS,  which  was  considered  as  the  origin  of  the
enhanced  activity.  In addition,  the  adsorption  type  and  configuration  of  NO was  similar  over  these  cata-
lysts.  However,  CuO/ZrO2–Al2O3 sample  shows  the  greater  capacity  to activate  the  adsorbed  NO  species
than  CuO/ZrO2/Al2O3.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Catalytic reduction of NO with CO is one of the central reactions
ccurring in three-way catalytic converters where both reactants
re undesirable pollutants. Many efforts have been spent on inves-
igating the mechanistic detail and performance of this model
eaction over various supported noble metal catalysts, such as
d/Al2O3, Rh/Al2O3, Pt/WO3/CeO2/ZrO2, Au/CeO2–M2O3 (M = Al,
a), Ir/WO3–SiO2 [1–7]. Because of the scarcity and high cost of
oble metal, developing highly efficient non-precious metal cata-

yst for automobile exhaust purification is one of the focuses in the
eld of deNOx research.

Besides those reported noble metal catalysts, copper-containing
atalysts as potential substitutes have attracted considerable inter-
sts due to unique redox properties and promising activities toward

O + CO or NO + CO + O2 reaction, which are closely associated with

trong interaction between copper species and support [8–15]. It is
f importance to tune this interaction from the perspective of active
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ax: +86 25 83317761.
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phase and support, respectively. For instance, Yamamoto et al. [11]
found that CuO/Al2O3 system containing highly dispersed Cu2+ as
active species was  active for NO + CO reaction in the presence of
O2, and the appearance of aggregated copper species would lead
to the loss of catalytic activity. Sagar et al. [16] studied the disper-
sion of copper species on Al2O3–ZrO2 mixed oxide and revealed two
types of copper species including isolated and clustered on the sup-
port, depending on the copper oxide loading. These results reveal
that high dispersion of copper species is responsible for catalytic
activity. Besides this point, it is well known that the coordination
environment of active species was related to support surface struc-
ture, which also altered the interaction of dispersed copper species
with support. Our previous work [15d] demonstrated that dis-
persed copper species supported on several oxide supports (Al2O3,
CeO2, ZrO2, and Ce1−xZrxO2 solid solution) with different surface
structures showed different catalytic activities.

The addition of modifier into supported mono-active compo-
nent catalyst is an alternative strategy to change the interaction
between them. Although many studies focusing on the introduc-
tion of Ti [17], Fe [18a], Mn  [18b], Ce [19], and Zn oxides [20] into

CuO/Al2O3 system in order to compare the activity and explore
the interactions, there is still a lack of general agreement on the
intrinsic interaction among the components due to the complexity
of supported multicomponent catalysts. However, in fact, the

dx.doi.org/10.1016/j.apcata.2012.02.017
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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ndustrial catalysts are mainly involving binary or multiple com-
onents, such as V2O5–WO3/TiO2 catalyst used in the NH3-SCR
eaction [21], Co–Mo/�-Al2O3 catalyst for hydrodesulfurization
rocess [22], and ZnO-modified Cu/Al2O3 for the synthesis of
ethanol [23]. Hence, the interactions between active species and
odifier and support in catalysts are wide open for study.
Recently, Jiang et al. [24] studied the influence of ZrO2 intro-

uction on the activities of CuO/TiO2 catalysts for NO reduction
nd deduced the strong interaction between copper and zirco-
ia enhanced the catalyst performance. Bellido and Assaf [12] also

ound that highly dispersed CuO interacting with ZrO2 containing
xygen vacancies plays a crucial role in promoting the catalytic
ctivity for NO reduction. In addition, the observed Cu–O–Zr syn-
rgistic interaction can improve the catalytic performance in the
xidative steam reformation of methanol [25]. Therefore, a deep
nsight into the interaction among components of Cu–Zr–Al oxides
atalyst could help us to uncover the origin of catalytic activity.
owever, little information on the interaction between compo-
ents of Al2O3-supported copper oxide catalyst with the addition
f ZrO2 prepared from different procedures for NO reduction with
O has been reported.

In the present work, we investigated the effect of ZrO2 addi-
ion method on the composition, reducibility, surface interaction
nd catalytic performance of Al2O3-supported CuO catalysts for NO
eduction with CO. For understanding the composition-structure-
roperties relationships, the catalysts will be characterized
rom the following aspects: bulk/surface composition (ICP and
PS), specific surface area (BET), crystalline structure (XRD and
aman), reducibility (H2-TPR), surface properties (XPS), adsorp-
ion behaviors (NO-IR, NO–CO-IR), and model reaction test (NO + CO
eaction).

. Experimental

.1. Catalyst preparation

.1.1. Cu/Al sample
The CuO/Al2O3 catalyst was prepared by wetness impregnation

ethod. Commercial �-Al2O3 powder (Fushun Petrochemical Insti-
ute of China) was impregnated into an aqueous solution containing
he requisite amount of Cu(NO3)2·3H2O, dried at 110 ◦C overnight,
nd calcined at 500 ◦C in air for 5 h. This sample was  denoted as
u/Al-c.

In addition, the �-Al2O3 support was prepared by ammonia-
recipitation method. The support was impregnated into
u(NO3)2·3H2O solution in order to obtain CuO/Al2O3 catalyst,
hich was denoted an Cu/Al-p.

.1.2. Cu/Zr sample
The CuO/ZrO2 catalyst was prepared by wetness impregna-

ion method. ZrO2 powder (ammonia-precipitation method) was
mpregnated into an aqueous solution containing the requisite
mount of Cu(NO3)2·3H2O, dried at 110 ◦C overnight, and calcined
t 500 ◦C in air for 5 h. This sample was denoted as Cu/Zr.

.1.3. Cu/Zr/Al sample (Zr addition by impregnation)
The CuO/ZrO2/Al2O3 catalyst was prepared by a two-step wet-

ess impregnation procedure. In a typical procedure, commercial
-Al2O3 was firstly impregnated into an aqueous solution con-
aining the requisite amount of Zr(NO3)4·5H2O, dried at 110 ◦C
vernight, and calcined at 500 ◦C in air for 5 h. Subsequently, the

btained ZrO2/Al2O3 support was impregnated into an aqueous
olution of Cu(NO3)2·3H2O with a controlled CuO loading amount,
hen dried at 110 ◦C overnight and calcined at 500 ◦C in air for 5 h.
his sample was denoted as Cu/Zr/Al-c.
neral 423– 424 (2012) 42– 51 43

In addition, we prepared the �-Al2O3 by ammonia-precipitation
method, which acted as a support for the preparation of the
CuO/ZrO2/Al2O3 catalysts by two-step impregnation method. This
sample was denoted as Cu/Zr/Al-p.

2.1.4. Cu/Zr–Al sample (Zr addition by coprecipitation)
The CuO/ZrO2–Al2O3 catalyst was prepared by a co-

precipitation–impregnation procedure. Firstly, a requisite amount
of Zr(NO3)4·5H2O and Al(NO3)3·9H2O were dissolved in distilled
water, and the excess diluted ammonia was  slowly dropped to the
mixture solution with vigorously stirring until pH 9. The resulting
solution was kept in stirring for another 5 h, aged overnight and
then filtered, washed several times with distilled water until no pH
change. The obtained precipitate was  first dried at 110 ◦C overnight
and then calcined at 500 ◦C in air for 5 h. And then, ZrO2–Al2O3
support was  impregnated into an aqueous solution containing the
requisite amount of Cu(NO3)2·3H2O. The obtained sample was
dried at 110 ◦C overnight and subsequently calcined at 500 ◦C in
air for 5 h. This sample was denoted as Cu/Zr–Al.

2.2. Catalyst characterization

Bulk composition of the sample was  determined by elemental
analysis using a Perkin Elmer Optima 5300 DV ICP-OES system. The
sample was  destructed by heating in mixture of HF–H2SO4 before
analysis. In addition, surface composition was  estimated by XPS
using relative atomic sensitivity factor method. The relative sensi-
tivity factor (F1s = 1) is 4.395, 2.767 and 0.256 for Cu 2p, Zr 3d and
Al 2p, respectively.

The specific surface areas of catalysts were obtained from the
N2 adsorption–desorption isotherms collected on a Micrometrics
ASAP-2020 analyzer at −196 ◦C.

Powder X-ray diffraction (XRD) patterns were recorded on a
Philips X’Pert Pro diffractmeter, equipped with a Ni-filtered Cu K�
radiation (� = 0.15418 nm). The X-ray tube was  operated at 40 kV
and 40 mA.  The data were collected in the 2� range of 10–80◦. The
scan speed was  set at 10◦ min−1 with a step size of 0.02◦. The aver-
age crystallite sizes were determined from XRD line broadening
measurements using the Debye–Scherrer formula.

Laser Raman spectra were collected on Renishaw In-via
microscopy Raman spectrometer using Ar+ laser beam. The Raman
spectra were recorded with an excitation wavelength at 514 nm
and the laser power at 300 mW.

H2-temperature programed reduction (H2-TPR) experiments
were performed with H2 as a reducing agent in a quartz U-type
reactor, and about 50 mg  sample was  used for each measurement.
Prior to the reduction, the catalysts were pretreated in a N2 stream
at 200 ◦C for 30 min  to remove surface impurities and then cooled
to room temperature. After that, H2–Ar mixture (7% H2 by volume)
was  switched on, and the temperature increased with a ramp of
10 ◦C min−1. The consumption of H2 was  monitored on line by a
thermal conductivity detector.

XPS analysis was performed on a PHI 5000 Versa Probe system,
using monochromatic Al K� radiation (1486.6 eV) operating at an
accelerating power of 150 W.  The sample was  outgassed at room
temperature in a UHV chamber (<5 × 10−7 Pa). The sample charging
effects were compensated by calibrating all binding energies (BE)
with the adventitious C 1s peak at 284.6 eV. This BE values with
an accuracy at ±0.1 eV. In addition, the Cu LMM  Auger peak was
recorded and the modified Auger parameter (˛A), which is use-
ful to unambiguously identify the oxidation state of copper, was
calculated according to Eq. (1) as suggested by Wagmer et al. [26],
˛A = Ekin(CuLMM) + EB(Cu2p3/2) (1)

where Ekin(CuLMM) and EB(Cu2p3/2) are kinetic and binding energies,
respectively.
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FTIR experiments were performed on a Nicolet 5700 equipped
ith a DTGS detector running at a resolution of 4 cm−1, and taking

2 scans for every spectrum. IR spectra for a mixed stream of NO–Ar
5% NO by volume) or/and CO–Ar (10% CO by volume) at a total
ow rate of 10 ml  min−1 were recorded from room temperature up
o 300 ◦C. About 15 mg  sample in the form of self-supporting wafer

ounted into a quartz IR cell, where they could be pretreated using
igh purity N2 at 300 ◦C for 1 h in order to remove surface moisture
nd impurities. The sample should be cooled to ambient temper-
ture then recorded it as a background spectrum, and exposed to
he stream of NO or/and CO for 30 min. Subsequently, a programed
emperature was initiated with a rate of 10 ◦C min−1 from room
emperature to 300 ◦C.

.3. Catalyst activity measurement

The catalytic activity of NO reduction was performed in a fixed
ed, down flow, quartz reactor (length, 30 cm;  inner diameter,

 mm).  NO reduction by CO was investigated under steady state,
nvolving a feed steam with a gas composition of NO 5%, CO 10%
nd He 85% by volume as a carrier gas at a space velocity of
2,000 mL  g−1 h−1. Two columns (length, 1.75 m;  diameter, 3 mm)
nd thermal conduction detector (T = 100 ◦C) were used for analyz-
ng the products. Column A was packed with 5A and 13× molecular
ieves (40–60 M)  for separating of O2, N2, NO and CO. Column B was
acked with Paropak Q for separating CO2 and N2O. About 50 mg
ample was pretreated in a N2 stream at 100 ◦C for 1 h and then
ooled to room temperature. After that, the valve was switched to
he reactants. A programed temperature with a rate of 10 ◦C min−1

as initiated from room temperature to the target temperature.
he NO conversion and N2 yield were calculated according to the
ollowing equations:

NO conversion (%) = 2([N2]out + [N2O]out)
[NO]in

× 100

N2 selectivity (%) = 2[N2]
[NO]in − [NO]out

× 100

. Results and discussion

.1. Catalyst performance

Fig. 1 shows NO conversion and N2 selectivity as a function of
emperature for NO + CO reaction over these studied catalysts. For
u/Al sample, it shows a temperature dependence of the activ-

ty for NO reduction that is similar to that of the results in the
iteratures [15]. When the ZrO2-added samples are heated up to
50 ◦C, their conversions are initially close to that of the Cu/Al
ample without more than 20%. At T > 250 ◦C, a sharp increase
ccurs leading to the full conversions of NO at 350 ◦C for Cu/Zr–Al
ample, 400 ◦C for Cu/Zr/Al-p sample, and 450 ◦C for Cu/Zr/Al-

 sample. The Cu/Zr sample shows a higher low temperature
ctivity than others. Thus, the sequence of catalytic activity, i.e.,
u/Zr > Cu/Zr–Al > Cu/Zr/Al > Cu/Al can be readily observed. The N2
electivity also presents a similar order. In repeated heating cycles
s shown in Figs. S1–S4 (see supplementary content), the Cu/Al,
u/Zr/Al, Cu/Zr–Al samples exhibit higher NO conversion as com-
ared with them in the 1st cycle due to the appearance of low
alence Cu species resulting from the reduction behaviors of super-
uous CO reactant. Furthermore, the reducibility of Cu2+ to Cu+/Cu0

pecies should be related to the NO conversion and N2 selectivity for
opper-based catalyst. On the contrary, the Cu/Zr sample displays

he decreased activity mainly due to phase transition of partial
-ZrO2 (Fig. S3 in supplementary content). However, the increas-
ng N2 selectively of Cu/Zr sample also implies the appearance of
u+/Cu0 after the first cycle.
Fig. 1. Catalytic performance expressed in NO conversion and N2 selectivity over
these fresh catalysts. Reaction conditions: 50 mg catalyst, 5% NO–10% CO–85 % He,
space velocity = 12,000 h−1.

In addition, the catalyst durability test in this mode reaction
was carried out shown in Fig. S5 (supplementary content). It can be
seen that Cu/Zr–Al sample exhibits the full conversion of NO and
keep its conversion unchanged among the observed range. How-
ever, Cu/Zr/Al and Cu/Al samples show relative lower conversion
than that of Cu/Zr–Al. Regardless of commercial Al2O3 or precip-
itated Al2O3, the catalytic activity of the catalyst can be depicted
by the following order: Cu/Zr–Al > Cu/Zr/Al > Cu/Al. It demonstrates
that the addition of ZrO2 could improve catalytic performance for
NO reduction with CO, depending on the addition method of ZrO2.

3.2. Characterizations of the catalysts

3.2.1. Composition and specific surface area (ICP, XPS, N2
sorption)

To compare the surface and bulk composition, the results of ICP
and XPS measurements were shown in Table 1. It can be seen that
bulk copper content determined by ICP was varied from 2.96 to
3.19 wt% in the different catalysts, and the derived CuO content cor-
responded to 3.70–3.98 wt%, which was  very close to the nominal

loading (3.8 wt%). However, the surface copper content determined
by XPS exceeds the bulk content for all samples, suggesting the
presence of surface segregation [27,28].  Furthermore, the differ-
ence of surface copper content in the ZrO2-added samples can be
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Table  1
BET surface area, grain size, and Cu and Zr contents of these samples.

Samples BET (m2/g) Grain size (nm) Cu wt.% (ICP) Cu wt.% (XPS) Zr wt.% (XPS)

Cu/Al-c 195.6 5–6 2.96 6.2 –
Cu/Al-p 294.8 ∼7 3.05 4.3 –
Cu/Zr/Al-c 115.5 <2–3 3.19 4.8 15.7
Cu/Zr/Al-p 174.0 <2–3 3.13 4.3 30.1
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Cu/Zr/Al-p samples at low temperature, which is the origin of the
enhanced activity.

Table 2
Detailed peak assignment of TPR peaks.

Samples Peak position (◦C) Assignments

Cu/Al-c 256 Dispersed copper oxide species
interacting with alumina

Cu/Al-p 260 Dispersed copper oxide species
interacting with alumina

Cu/Zr–Al 260 (19%) Dispersed copper oxide species
interacting with alumina

217 (81%) Dispersed copper oxide species
interacting with zirconia

Cu/Zr/Al-c 249 (63%) Dispersed copper oxide species
interacting with both alumina
and zirconia (mainly
interacting with alumina)

272 (37%) Bulk copper oxide (crystalline)
Cu/Zr/Al-p 221 (24%) Dispersed copper oxide species

interacting with zirconia
Cu/Zr–Al 196.1 <2–3 

Cu/Zr 37.5 ∼20 

bserved due to the difference in the segregation degree. Regard-
ng Zr analysis, the surface content of Cu/Zr–Al sample is two times
arge than Cu/Zr/Al-c, which may  be related to the specific surface
rea.

The Cu/Al-c sample shows a BET surface area of 195.6 m2/g,
hich is lower than commercial �-Al2O3 support (207.5 m2/g). By

he addition of ZrO2, the surface area decreased to 115.5 m2/g for
u/Zr/Al-c sample may  due to part of the pore was plugged by cop-
er oxide crystallites for the presence of small crystallites observed

n Raman. However, the Cu/Zr–Al sample exhibits no decreased
urface area as compared with Cu/Al-c sample. This information
learly suggested that the addition of ZrO2 would influence the tex-
ural properties of the catalysts and usually large surface area was
xpected to well disperse copper oxide species. In addition, the
u/Al-p and Cu/Zr/Al-p display a larger surface area than the coun-
erpart sample with commercial alumina, respectively. This also
uggests the preparation method of support can influence the sur-
ace area. For Cu/Zr sample, it shows a lowest surface area because
f the high crystallinity of ZrO2, as evidenced by large crystallites
∼20 nm)  calculated from XRD result.

.2.2. Structural properties (XRD, Raman)
Fig. 2 shows XRD patterns of the studied catalysts. For Cu/Al-

 sample (Fig. 2a), it can be observed that �-Al2O3 kept its defect
pinel structure with several characteristic peaks at 2� = 32, 37.5,
6, and 67◦ [15b,15c].  The Cu/Al-c sample without any diffractions
f copper oxide shows similar peaks with �-Al2O3 support, indi-
ating that copper oxide species were highly dispersed or small
rystallites below the detect limitation of XRD (∼3 nm). The sim-
lar situation was also observed in the Cu/Al-p sample (Fig. 2d).
he ZrO2-added samples display similar XRD patterns, which pos-
essed a broad peak centered at ∼31◦ attributed to amorphous
irconia [29] and poorly crystallized Al2O3 with extremely weak
haracteristic (4 0 0) and (4 4 0) peaks at 46◦ and 67◦ (Cu/Zr/Al-c,
u/Zr/Al-p) and even the absence of these two peaks in the Cu/Zr–Al
ample. The diffraction peaks associated with copper oxide cannot
e observed. This is indicated of high dispersion of copper oxide
pecies. In addition, Cu/Zr sample as a reference gives a different
RD pattern, which shows a high crystallinity of zirconia support.
hus, the form of zirconia (t and m) in Cu/Zr is different with the
ther ZrO2-added samples.

Raman spectra of the catalysts were obtained as shown in Fig. 3.
here was no any Raman signal in Cu/Al-c and Cu/Al-p samples
ue to the formation of dispersed copper oxide species and ionic
haracter of the Al–O bond and its low polarity [12]. For the ZrO2-
dded samples, a broad band centered at 460 cm−1 can be observed,
ndicating the appearance of amorphous zirconia. This point is in
ood agreement with XRD results. By careful observation, Cu/Zr/Al-

 sample shows a weak hump at 1000–1100 cm−1 owing to the
resence of small CuO crystallites [12], which could not be detected

y XRD. From this fact, it can be deduced that copper species in
u/Zr–Al shows higher dispersion than that of Cu/Zr/Al-c. In addi-
ion, there is no obvious difference for Cu/Zr/Al samples whether
recipitated or commercial alumina as support. However, Raman
3.03 6.1 31.5
3.09 5.6 –

spectrum of Cu/Zr sample (insert) clearly shows the presence of
crystalline ZrO2 [30].

3.2.3. Reducibility analysis (H2-TPR)
Fig. 4 compares the H2-TPR profiles over the catalysts. It is

observed that bulk CuO as a reference shows one reduction peak
at 278 ◦C. The Cu/Al-c sample shows a broad reduction peak cen-
tered at 256 ◦C, which is lower than the reduction of bulk CuO and
attributed to the dispersed copper oxide species in the defective
octahedral and regular octahedral coordination [15d,31]. A simi-
lar reduction peak can be observed in Cu/Al-p sample. The Cu/Zr
sample shows two  reduction peaks, which are associated with the
stepwise reduction of dispersed copper oxide (Cu2+) species to Cu+

and Cu0. For Cu/Zr–Al sample, there is the main peak at 217 ◦C with
a hump at 260 ◦C. The former is assigned to the finely dispersed
copper oxide species interacting with amorphous zirconia [8b,15c],
while the hump is ascribed to the dispersed copper oxide species
interacting with alumina due to its position is close to Cu/Al sam-
ple. In view of Cu/Zr/Al-c sample, it also gave two  reduction peaks
at 249 and 272 ◦C, both related to the reduction of copper oxide
species. The first peak at low temperature was attributed to the
reduction of highly dispersed copper oxide species mainly inter-
acting with alumina, while the latter was  due to the presence of a
few CuO crystallites. This point was  in good agreement with Raman
spectra of Cu/Zr/Al-c sample. The Cu/Zr/Al-p sample shows a main
peak at 221 ◦C with a shoulder at ∼260 ◦C. The detailed peak assign-
ments were listed in Table 2. It can be noted by comparison of the
proportion of peak area that Cu/Zr–Al sample owns more dispersed
copper oxide species interacting with zirconia than Cu/Zr/Al-c and
260 (76%) Dispersed copper oxide species
interacting with alumina

Bulk CuO 278 Bulk copper oxide (crystalline)

Data in parenthesis represent the percent of this peak area.
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Table 3
Summary results (position, FWHM)  of XPS data for these samples.

Samples Position and
FWHM a of Cu 2p3/2

Position and
FWHM of Zr 3d5/2

Position and
FWHM of Zr 3d3/2

Position and
FWHM of Al 2p

Auger parameter of
Cu (˛A)d

XPS intensity ratio
(Zr3d/Al2p)

XPS intensity ratio
(Cu2p/Al2p)

Cu/Al-c 934.3(4.0) – – 74.2(2.10) 1848.6 – –
Cu/Al-p 934.8(3.6) – – 74.1(2.15) – – –
Cu/Zr/Al-c 934.0(3.3) 181.7(1.60) 184.3(2.12) 74.0(1.84) 1849.9 1.95 0.83
Cu/Zr/Al-p 935.0(2.9) 181.7(1.56) 184.1(2.04) 74.3(2.06) – 3.80 0.76
Cu/Zr–Al 934.2(3.4) 181.8(1.82) 184.2(1.74) 74.4(2.21) 1849.4 4.43 1.20
CuO  933.8 (3.6)b – – – 1851.8e – –
ZrO2 – 182.1c 184.5c – – – –
Al2O3 – – – 74.7c – – –

a The numbers in parentheses are fwhm values.
b Ref. [25].
c Ref. [38].
d ˛A = Ekin(CuLMM) + EB(Cu2p3/2).
e Ref. [32].
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.2.4. Surface properties (XPS)
To obtain some information on the catalyst surface and electrical

nteraction between copper species and ZrO2 promoter, XPS analy-
is has been carried out. The XPS patterns of Cu 2p, Zr 3d, Al 2p, and

 1s regions of the catalysts were shown in Fig. 5. The comparison
f Cu/Al-p, Cu/Zr/Al-p, Cu/Zr–Al and Cu/Zr samples were shown in
ig. S6 (supplementary content). The corresponding results show
hat these positions of Zr 3d, Al 2p, O 1s in Cu/Zr–Al and Cu/Zr/Al-

 samples is almost similar. In addition, the binding energy, full
idth half-maximum (fwhm), Cu Auger parameter (˛A), and XPS

ntensity ratios were listed in Table 3.
For Cu 2p spectra in Fig. 5a, the main features of these cata-

ysts are the appearance of spin-orbit split Cu 2p1/2 and Cu 2p3/2
eaks along with shakeup satellites (940–945 eV) as characteris-
ic for the presence of Cu2+. Espinós et al. [32] concluded that the
inding energy of supported copper oxides were very sensitive to
he dispersion degree of active species and to the type of support.
or Cu/Al-c sample, the peak at 934.3 eV is attributed to highly dis-
ersed Cu(II) oxide species interacting with support (Cu· · ·O· · ·Al
pecies). The presence of highly dispersed copper species was  also
onfirmed by Cu Auger parameter shown in Table 3, in agreement
ith the literature [32]. Meanwhile, the appearance of a shoulder
eak at 932.8 eV is characteristic for low-valence copper species,

.e., Cu+ or Cu0 [33–35],  which is probably due to the photore-
uction as X-ray radiation under the high vacuum environment.
he ZrO2-added samples both exhibit an overlapped Cu 2p3/2 peak,
hich can be deconvoluted into two peaks by Gaussian fitting

nalysis. The first peak with a value at 933.7 eV in Cu/Zr/Al-c and
33.5 eV in Cu/Zr–Al represents about 75% and 48% of the total sur-
ace dispersed copper species, respectively. This deconvoluted peak
s close to the value of Cu/Al-c and it should be attributed to highly
ispersed copper(II) species interacting with alumina. The second
eak at 935.5 eV in Cu/Zr/Al-c and 935.1 eV in Cu/Zr–Al, characteris-
ic for highly dispersed copper(II) species interacting with zirconia
Cu· · ·O· · ·Zr species), represents about 25% and 52% of the total
urface dispersed copper species, respectively [32,36]. This sug-

ests that dispersed copper species interacting with alumina is
redominant in Cu/Zr/Al-c, while the Cu/Zr–Al sample possesses
ore dispersed copper species interacting with zirconia than that

f Cu/Zr/Al-c. This is in good agreement with TPR analysis.
 of the samples.

Fig. 5b shows Zr 3d core level spectra of the Cu/Zr/Al-c and
Cu/Zr–Al samples. The Zr 3d5/2 and Zr 3d3/2 of Cu/Zr–Al sam-
ple locate at 181.8 and 184.2 eV, respectively, which are in good
agreement with the reported data of Zr4+ [37]. The value of Zr
3d5/2 is about 0.3 eV lower than bulk ZrO2 [38], which suggests
the appearance of obtaining electron behavior. On  the contrary,
highly dispersed copper oxide species gives a higher binding energy
compared to bulk CuO (Table 3), involving the process of loss
electron. This clearly indicates electron transfer occurs between
dispersed copper species and amorphous zirconia. For Cu/Zr/Al-
c sample, the wide spectrum of Zr 3d3/2 consisting two peaks is
indicative of the presence of two Zr species. According to some lit-
eratures [25,39], the lower binding energy values of the additional
Zr species are attributable to the formation of electron-rich sur-
face zirconium sites. Comparison of the peak intensity, the Cu/Zr–Al
sample is almost two times larger than Cu/Zr/Al-c, suggesting the
difference in the amount of surface Zr species as shown in Table 1.

Fig. 5c shows the Al 2p spectra of the studied catalysts. Usu-
ally, unsupported Al2O3 gives a band of Al 2p at 74.7 eV [38]. When
dispersed copper oxide species supported on Al2O3, the binding
energy of Al 2p was shifted to the lower value (74.2 eV in Cu/Al-
c and 74.4 eV in Cu/Zr–Al) due to electronic interaction between
Cu2+ and Al3+. This interaction implies that highly dispersed copper
species has transferred its electrons to Al2O3. In addition, the bind-
ing energy at 73.9 and 74.0 eV was clearly observed corresponding
to Cu/Zr–Al and Cu/Zr/Al-c, respectively. This band should be due
to the close interaction between amorphous zirconia and alumina
support. The Cu/Zr/Al-c sample shows only one dominant band,
indicating that alumina is primarily covered with a layer of amor-
phous zirconia. However, the Cu/Zr–Al exhibits the overlapped
peak associated with alumina support interacting with both Zr and
Cu, confirmed by a larger value of fwhm of this sample (Table 3).

As shown in Fig. 5d, the O 1 s spectra around 531 eV (O′) is
broad due to overlapping contributions of lattice oxygen from alu-
mina or zirconia. The Cu/Al-c sample exhibits a single peak at
531.1 eV attributed to the interacted linkage oxygen between the

dispersed copper species and alumina support (Cu· · ·O· · ·Al). This
interaction species is different from bulk CuO and CuAl2O4 and can-
not be detected by XRD and Raman. For the ZrO2-added samples,
besides one main peak at around 531 eV, there is a non-negligible
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Fig. 5. XPS results of the samples: 

dditional peak at 528.9 eV (O′′) in Cu/Zr/Al-c and 529.8 eV (O′′) in
u/Zr–Al, assigned to the highly dispersed copper species interact-

ng with zirconia (Cu· · ·O· · ·Zr). The position of this species is very
lose to Cu/Zr sample (Fig. S6(d)). The difference of this peak mainly
epends on the degree of interaction of dispersed copper species.

n addition, by calculating the ratio of O′′/(O′ + O′′), the Cu/Zr–Al
ample possessed more this interaction species, thus leading to an
nhanced activity.

Herein, the observed electronic interaction of dispersed copper
pecies with amorphous zirconia seems to be the key factor to
ontrol the dispersion of copper oxide species and improve the
atalytic performance. Moreover, the incorporation of copper ions
nto the zirconia lattice with the formation of substitutional solid
olution was not considered because there is mainly amorphous

irconia proved by XRD and Raman. Thus, the absence of CuO
iffractions in XRD patterns can be explained by the highly disper-
ion of copper oxide species interacting with amorphous zirconia
r alumina. The addition of zirconia can improve the relative
2p; (b) Zr3d; (c) Al2p; and (d) O1s.

dispersion (represented by the XPS intensity ratio in Table 3) of
copper species and enhance the catalytic activity, depending on
strong interaction between dispersed copper species and zirconia.
3.3. Interaction of NO or/and CO with the catalyst

3.3.1. NO adsorption at 30 and 300 ◦C
The IR spectra of adsorbed species over the catalysts under a

NO (5%) stream at low (30 ◦C) and high (300 ◦C) temperatures are
shown in Fig. 6a and b, respectively. Regarding low temperature
NO-IR spectra (Fig. 6a), the studied samples give similar spectra
with three strong bands at 1300, 1598, 1628 cm−1 and two mod-
erate bands at 1015 and 1506 cm−1 and several weak bands at
1748, 1844, and 1905 cm−1. Since the introduction of NO into the
IR cell, it is facile to detect gas NO molecules vibration at 1905

and 1844 cm−1 and N2O4 adsorption at 1748 cm−1 derived from
NO2 at low temperature [40,41]. It is well known that adsorbed
NO molecules are readily to interact with the surface labile oxygen
of the catalyst at room temperature (NOad + x − 1[O] → NOx),
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Fig. 6. IR spectra of adsorbed species under a NO (

hus leading to the formation of lots of different coordinated
Ox species accumulated on the catalyst surface in the region of
000–1700 cm−1, such as nitrates and nitrites [42]. Chi and Chuang
40] investigated the spectra of adsorbed species under a series
tream of NO, NO/O2, NO2 adsorption on CuO/Al2O3. According to
heir report, the bands at 1628 cm−1 is assigned to the vibration
f �(N O) of bridging bidentate nitrate species, 1598 cm−1 is cor-
elated with chelating nitrate species, and the band at 1300 cm−1

s attributed to the vibration of �(O N O) of linear nitrite species
15c]. The appearance of monodentate nitrate at 1506 cm−1,
he asymmetric vibration of chelating nitro at 1260 cm−1, and
he vibration of �(NO2) of bridging bidentate nitrate have been
bserved in all samples. Comparison of band intensity, the
mount of adsorbed nitrate species on Cu/Zr–Al sample is more
han that on Cu/Zr/Al-c and Cu/Zr/Al-p, indicating the greater
apacity to activate the adsorbed NO species in Cu/Zr–Al at low
emperature.
Upon increasing the temperature (Fig. 6b), the surface adsorbed
pecies changed with characteristics of the disappearance of 1748
nd 1506 cm−1, the formation of 1297, 1231 cm−1 for Cu/Al sample
nd 1231, 1198 cm−1 for the added-ZrO2 samples, and some shifts

Fig. 7. IR spectra of adsorbed species under a NO (5%) + CO (10%)
ream over the samples at (a) 30 ◦C and (b) 300 ◦C.

of the bands (∼983 cm−1). The band at 1748 cm−1 is undetectable
also prove the fact that higher temperature does not favor the
formation of N2O4. Compared with the other samples, the Cu/Zr–Al
increased the intensity of the band at 1590 cm−1 accompanying the
decrease of the band at 1630 cm−1, which implied the evolution of
adsorbed nitrates.

3.3.2. NO–CO co-adsorption at 30 and 300 ◦C
A comparison of NO–CO co-adsorption for Cu/Zr/Al and Cu/Zr–Al

at 30 and 300 ◦C is presented in Fig. 7. At low temperature (Fig. 7a),
other than those bands observed in a single NO stream, a band
at 2172 cm−1 may  be assigned to CO linear adsorption or the
rotational/vibrational transitions gaseous CO and a shoulder at
1420 cm−1 due to adsorbed nitrites were observed under a NO–CO
mixture. On the assignment of 2172 cm−1, it is still under debate
despite many studies [43–45].  First, according to Sheppard and
Nguyen, the band above 2130 cm−1 should be attributed to CO

bonded to ionic species of metal [46]. The position and intensity of
the band of 2172 cm−1 in Cu/Al does not change after the addition
of zirconia. This clearly indicates this band is not related to the lin-
ear CO adsorption on Zr sites. The linear adsorption of CO on Cu2+

 mixed stream over the samples at (a) 30 ◦C and (b) 300 ◦C.
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nd Cu+ give rise to peaks with characteristic vibration frequen-
ies at about 2220–2150 cm−1 and 2160–2080 cm−1, respectively
47]. Hence, the band seems to be the contribution of Cu2+–CO.
owever, the stability of copper carbonyl presents the following
rder: Cu+–CO > Cu0–CO � Cu2+–CO [48,49],  which is incompati-
le for this assignment because Cu2+–CO species is only present
t low temperature. Thus, this band may  be attributed to gas-
hase CO, which exhibits a valley at 2143 cm−1 between 2172 cm−1

R-branch) and 2118 cm−1 (P-branch) [45]. Upon increasing the
emperature to 300 ◦C, the R branch shifted to 2186 cm−1, which
s in consistent with the fact that the distribution broadens and
hifts of the P- and R-branch with increasing temperature as states
f higher rotational quantum number (J) become thermally popu-
ated.

Compared with low temperature co-adsorption of NO–CO, two
ain features on the evolution of adsorbed species could be

bserved at high temperature (Fig. 7b). Firstly, the strong bands at
360 and 2309 cm−1 were attributed to the characteristic vibra-
ions of gas-phase CO2, resulting from the surface reaction of
dsorbed species. Furthermore, the peak intensity of CO2 in Cu/Al
ample was obviously increased after the addition of zirconia
howing an order of Cu/Zr–Al > Cu/Zr/Al > Cu/Al, in agreement with
he sequence of activity. This also indicates the high reactivity
f Cu/Zr–Al sample. It is noted that the Cu/Zr–Al displays more
ispersed copper oxide species interacting with amorphous ZrO2
Cu· · ·O· · ·Zr), and this species shows lower reduction tempera-
ure than that of dispersed copper species interacting with Al2O3
Cu· · ·O· · ·Al), as evidence by TPR results. Therefore, the addition of
r species would lead to the facile reduction of Cu2+ to Cu+/Cu0 due
o the presence of stronger interaction between copper species and
irconia promoter. The generated Cu+/Cu0 species would benefit
O adsorption, thus resulting in the increasing of gaseous CO2. On
he other hand, several negative bands at 1621, 1584, 1308, 1257,
162 cm−1 and the disappearance of 1501 cm−1 were observed
n the surfaces of the samples. The appearance of these negative
ands related to nitrogen-containing species implied that surface
itrates were reactive and probably consumed by adsorbed CO at
igh temperature to form N2 and N2O, as evidenced by TPSR results
Fig. S7 in supplementary content).

. Conclusions

The present paper investigated the effect of ZrO2 addition on the
urface composition, reducibility and activity of Al2O3-supported
opper oxide catalysts for NO reduction with CO. The addition
f ZrO2 can improve the catalytic performance, which is depen-
ent on the addition method. This promotion effect is attributed
o the presence of highly dispersed copper oxide species interact-
ng with amorphous zirconia, i.e., Cu·  · ·O· · ·Zr species, which can
nhance the reducibility of catalyst and facilitate the activation of
O molecule.

The CuO/ZrO2–Al2O3 catalyst prepared by a co-
recipitation–impregnation procedure exhibits larger surface
rea, higher dispersion of copper species, more surface zir-
onia content, thus leading to more Cu·  · ·O· · ·Zr interaction
pecies, which is the origin of the enhanced activity as com-
ared with CuO/ZrO2/Al2O3 prepared by two-step wetness

mpregnation.
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